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A METHOD FOR CHARACTERISING PARTICLES 

This invention relates to a method for characterizing particles, for instance polymer molecules ,or the 
like R? examplT it includes observing and determining the size of individual particles and ^m.mng the 
we ght dSon a sample containing oartic.es of varying size. More particular*, 
toe use of microscopy and/or microscopy in combination with spectroscope methods b dmM 

. particles such by measuring their positionai and conformational changes when they are "bjeri^an 
e^na force and by measuring their length and diameter or radius. Such measurements include rates of 
Sr^I and rotation of particles subject to an externa, force, and measurements of .ength 
and diameter of particles before, during or after they are subjected to an external force 

mSm^Sp*^^ these measurements may be used to determine part.Ce s.ze. The invent on 

» is esTecially we I suited to size polymer molecules in a polydisperse sample (e.g.j sample conta n ng 
iS^^S. when the particles have been placed in some type of medium, and « useful to 
ITS -Lies, such as .arge nucleic acid mo.ecules which are subiect to breakage when 
olaced on a microscope slide using conventional methods. ana 
9 vZtsTtetLMng the molecular weight distribution of a polydisperse sampte of parties aje 

n useful in a variety of different fields. For example, in polymer chemistry, he properties of ««*Bonw« 

20 SS£TtHlton aLt the organization of the DNA. This information may be used to produce 
chromosome maps and extensive molecular genetics characterizations. ^^^m hv 

whpn a nadfled force is applied. For example, in gel permeation chromatography, a well-known technique. 
T^S^iS^Si is dissolved h a solvent and the resulting solution is then passed through a 
?whdi has TcrossTnked or porous gel polymer In the stationary phase. Large molecules wil pass 
ucSy Z^^J^ aLnJi of'maHer molecules wil. be hindered by the. y «* ft. 

3 o ^oT .utaJ. comprising the stationary phase. The molecular £ ^ 

determined by measuring the content of the effluent from the column, e.g., by measuring the rewe«ve 
fntx o the effluent over a period of time. Several limitations of gel permeation «*^^«^ 
cannoi i be . used to separate DNA molecules larger than about 5 kb. and it can only be used for samp.es 
which are soluble in (at least one of) a limited number of suitable solvents. 

K o Briimpntali0 n is a well-known technique for measuring particle size. but. when applied to polymers, .tins 
JSTX^^S^ a maximum size of about 50-100 kilobases (kb). Attempting to measure 
ZT£S» by this technique would probably result in underestimation of molecular s,ze_ mamy 
SSuse the sedimentation coefficient is sensitive to centrifuge speed, (see Kavenoff et al.. Cojd Spnng 

« ^SSScfSo po.ymer particles by size is by gel ejecti*. J-J-Jj^ 
Freife.der. Physica. Biochemistry . W.H. Freeman (1976). which is ^•^^^7^^ 

riXZ u£ oXg. 0NA motac*. I. a gel is improved rdaUve to separalion «ng »mM 
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While some of the known methods of determining particie size distribution ,n a f^^T^ 
provl better resolution than others, few, if any. of the previously known techmques P^»***"" 
hfah as is needed to distinguish between particles of nearly identical size. In gel permeat.cn chrontt* 

2hy Z sedimentation the measured parameter varies as on.y about M* ^^.^^ 
standard agarose gel electrophoresis and polyacrylamide gel electrophoresis the measured parameter 

Irtes as -togM. Pulsed e.ectrc P horetic techniques are effective for separating ^^e ^t 
ecu.es but do not provide much better resolution than standard electrophoresis. Thus, the ab Irty to 
dSinguish between particles of similar size, for exam P .e, particles differing ,n length by a fract.cn of 
percent, is quite limited when the above-described measurement techmques are 

Under special experimental circumstances, DNA gel electrophores.s resolves a polymer mixture with 
the ™*ZZ™«*< -rying as If. However, this degree of accuracy is on.y achieved when vanab.es 
<;i.rh as ael concentration and field strength are carefully controlled. 

rZe Lae of parte e sizes, because separation of small molecules is not achieved. Thus, if a sample 

are impractical for measuring many polymers of varying length in a given sample The ' ^coelas^tic recoil 
trhnteue (2e Kavenoff et ai "Chromosome-sized DNA molecules from Drosophlla, " Chromosoma 41. 1 
which fs w^known in the art, invokes stretching out coiled moleculislTTiSVent flow field (e.g a 
SS^^M^^ P^bed between two moving plates) and determining the time required 
^S^SS^Zm to a relaxed state. Relaxation time is measured by watching the rota .on o 

sample determinations vary as M"" when applied to large DNA molecules, .t .s not useful for s.z.ng 
i^SZ3S«id is wM on., to <tt.em.Wng .he average o. parMea ,n a S amp.e. no. 

Science, m 203 (1989). The methods disclosed in this publication are not suitable for observation of very 
■■■ Q nil . A mniecules and techniques for measuring molecules are not discussed. 

°K * not™ ha ^ ^acJicaT^ight determinations of particles such as polymer mo.ecu.es depend no. on* 
upon" ^ 1 the size dependencies of the direct measured parameters ^^J^Zl 
the amount of sample needed, the time required to complete an analyse, and the accuracy of measure 
SbTS perSon chromatography can be time-consuming and requires a large amount of sample. 
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Methods such as convention* ge. electrophoresis can be relative* time-consuming, require moderate 

of a polydisperse sample of particles. It is further desirable to provide ^^^^ 

P JTVl^T P ^es in a medium, applying an external force to the p^onjJJ 
rarSo Z external force applied to the particle, thereby causing a physical change, e g. conformational 
^ZS^Z^Z "then observing and measuring these changes or a 
SSrtST^ mids are useful for characterising polymer molecules of a vanety of sue ndudng 
he smaSet't m Lu.es which are detected by a suitable microscope (the microscope opUonal. may be 
aJtod to a spectroscopic apparatus and thus molecules too small to be visualised may still be detected). 
tS^J^S^S be up to several inches in length when stretched to a linear oofltorm£«t 
S^SS?^ (0-9 .arg'molecules). which cannot be «™£ *J?5 

breaking when conventional techniques are used, may be measured according ^ * 
collapsing (condensing) the molecules before they are placed in the ^^ 1 ^^ m ^^ 
characterising many types of particles which can be visualised or detected under a light or electron 

f°*"%pS and L, re.um to . oration comparable to their oriojnal *hape *an appl.oa.on o. 
* 6 ™s fnSof ? partook useful for measuring poller moieoules *** are «ed o*« or 

invention is particularly usefui when an external force ,s ^J^^J^^^^^ 
medium However, if a free solution is used, application of an external force may not be neeoea 

■■I 

deconvolution or separation of measured parameters Pre f erabIv the medium will hold relaxed 

anticonvective. but this is not absolutely necessary. The medium may or may not be inert. The cho,ce of 
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defamable pannes ,0 undergo changes in con^on er P^^^NE face may van, in 

tss o, changes o, d.^ *h are " 
,„ contorma.cn o, shape. Including fetching and in oniw Eolation as well as 

— • - *— - 

fluorescence intensity. m irm^moe can be measured by visualizing 

Particles which are large enough to be seen unde \^^ r ^^^: /mneM g mlC roscope 
o Omaging) the particles. As non-limrting examples, . ^^^.S^^^Z,, , 0 w?ight sensitive 
may used. While particles may be viewed directly, it e useful t to* *e m croscop y 
vide'o camera, connected to a computerized image J^£££ lS ^rec The image 
series of photographs, even a motion p,cture. by d,g.to g the '^^^j^ processes data based 
processor may itself comprise a computer, or may r to to tod I to m olecu.e to 

™~ P^ers of a sing,e particte can be ^^T^Z^o apparatus. This 

ro larger particles as well. t ^^flfinn anri nosition into size measurements, it 

in order to transform measurements of change l c ^^^^MOm of particles of 
is genera.lv necessary to generate < 0 '°f™^ measuring the 

known size when the particles are subject ^^^^^ Ration may be input into the 
parameters of molecules with known values , gT n*^*^ Z particular conformational and 

35 computer in order to establish a relation Hrt».n similar structure to the 

positional changes which are measured. Preferaby. ^a^™** components), because rates of 
partic.es of unknown size (e.g.. both parhcles c ° n "^ iowever, this may 

taxation, reorientation and rotation may be pendent upon ^ artcle cc^mpo ^ 
depend upon several variables, e.g. polymer s,ze composition ^ ' ^30' unknown size. 

«. necWforthe-'markersMohaveaco^ are p , ace<J on a 

Shear sensitive particles are parties which are su ^J° D ^ ^ Qf ns inven tion. such particles 
microscope slide using conventional >^ r >^£^J^* Sium. in order to prevent 
are collapsed into a higher density conformat.cn bei ^l^ C ^^ have been placed In the 
breakage when the particles are mounted on a m cro ^ -J^^J^ ^ 

45 medium, they can be uncollapsed and m ^.^^ 1 ^^^ . method of manipulating 

s^rr,:rr^r sr.SKSs, ope,,. «, .„ «. * 

so uncollapsed. ^„ii t , «4 4 inoH Hpfnrmable molecules which are coiled, 

l„ one embodiment of the invention ''^^ 
folded or otherwise configured in a relaxed. ^^^^JS^ of L force is stopped, the 
deformed, or stretched by applying an external »J* LJ*^ ilm to Ih* ortoh-. ^ 
relaxation time of the molecules (e.g. the t.me requ.red or by « combination of 

S6 state) is determined by direct ^^^^ ^ticm ^Le6 by following the 
microscopy and spectroscopy. Alternate ly *° J™? 1 ^ are calculated in various 
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30 



^ *. m m~~ „pon ra.es o, — o, ta o™ size, sue, as » l^n o, 
Md according to .his embodmM vanes as M : M ijn, .gel. it is » fc 

measured. When particles are first subject to a pertur the mselves and start 

perturbing force is then changed, for example, by ^^^L substantiaily immobile until 

changes in position (e.g., lateral a" d '" rot f ^^^^^^ when a series of external 

In a third embodiment, the rate at which a part.de ro ate ^ s " s de ^ m ecu)es> such as sma || DMA 
forces are applied. This method is particularly appfc**to rod hapej moec q n BRotation 

molecules, and elongated molecules wh.ch are; ma,r, ^™£^JZ** to undergo a positiona. 
time" according to this invention is ^ # 7^J^ 3 ^^ a , JS sjh r set of external forces are 
rotation of a particular angular increment, for example, 360 . when a pan, 

^periodically switching pu.se direction, i^ensity and ^'^^^^TJSZ 
back and forth as they are rotated. This facilitates and forward 

automobile is manipu.ated into or out of a ^parallel P"***^ 

motion. However, unlike an automobde, a ''^^^^S^ «= onsistent <* nformation - in 
pulsing routine may also function to keep a deformabk > partde n 9 J ^ 
oVder to provide useful measurements.^ deve|op a 

Data for reorientation and/or rotation rates for J^.Jf^ then may be used to 

relationship between reorientation and/or rota jan ; ra e ' Z, om si2e , sucn as those 
determine the size of various polymer molecules of wnto «mP<^ a determined using 

which are present in a po.ydisperse sample. R * 0 "^^^^ positional changes, or by 

microscopy (preferably combined wrth .mag* ^^^2 ^ZmL ere useiul not o n iy ior 

^^JSET^ sma " to be ima9ed with acceptab,e 

'^another embodiment of this invention, the ^ ^^^^^1^ 
piaced in a medium is directly measured us.ng m ™f°^ observing the curvilinear 

L molecular size of any number of m «^J2rS^T^ the application of an externa! 

ment uses the same microscopy and imaging equipment as ,s descr ":r° a ', SUSDen ded in a medium 
,n a fifth embodiment, the diameter (or ^^^^^^SXSL of a deformable molecule is 
5 is measured. Application of a perturbmg force .s optional, J^^^ec* is spherical . ellipsoidal or 
preferably measured when the molecule .s m a relaxed state and the m def0 rmable or non- 

tabular in shape. This embodiment may^ ^^^^^^^^ 

or all of tbe above-mentioned parameters 

break if they are mounted on a microscope sl.de us,ng ^^^j;^ whiC h causes them 
involves collapsing the particles before ^ « P^^^^S In the medium. The particles, 
to condense, and then uncollapsing the particles ^^'•^JT^ melhod of embodiments one to 
„ e.g. molecules are then sized or otherw.se jt „ desirable t0 p , aC e a large 

^-■ssitss ssssa ^- — - - - - or shear 
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This invent provides . nova, <e*i,ue -or < ZXT^TS^. 
** TllX- aspect 0. ,his inv«,«on provides <or fencing ccleic ^rf^jjSS^tS 

m TeXr~XS- m* be used « * — « » — - « 

- France » - «— - 

^Figure , Is a schema* drawing o, » elecirephor* microscopy chamber which is specify 

ta ^C^S2?SrSi .Mr coronal 1 posfcna, changes whan a batferiophage 

bactsnoSe DNA molecules afla, electrophoresis to, 600 seconds, as reveaiad by the fluorescence 
microscopy experiments described in Example 4. ^ ^ 

are in a relaxed (unperturbed) conformahon. medium8 a|g0 

Particles are placed in a medium, such as a solvent, powder, glass or 9^ 
may be used. The medium containing the P**?* ^ 
• positioned in some .other manner so as to permit the molecules to ^J^tochnl^ to be used, 
suitability of a particular medium may depend m part jjo « ^^^^5^ deformable 
Measurement techniques requiring perturbafon necess liSsae made under a .ight 

particles are capable of changing conformation or l**?^,^*?^ whTn microscopy is 
microscope, a suitab.e medium also a.lows 

birefringence during experimental conditions. «i noresce nce intensity may be greatly 

jsttixz «7?5:5Ss sirs 

the method of this invention, the medium is pre tMfrj a so^on «^£*J£J£^ giycerol/water, 

1 aoarcae. a r^sac^We d«i,ed 

weigh, ot ^oximeter, -00.000 dal.ons. is dissr*ad ««7*Sc^S,l 

the agarose ge. will send it back into a flu-d s ate^ so hat e ^^o be «ve ^ £ 
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chromop hores in this invo.cn ^J^* ^^^^ « 

application of an electrical field, which moves ^ L Tough a forming machine. This is the 

the coil conformation much as ^^^^JEl created in the liquid agarose/DNA (or 
phenomenon involved in gel elect rophoress. £ * ™" 

polymer of choice) and the 9****^^*^^*^ J Qf ^ ^ particle is 

, Fast enough to prevent any significant ^^^^S^L with field gradients (e.ectric fie.ds 
charged. (3) Using the <^ ctro ^ electron douds. thus inducing 

which change strength with posrton) are moved I by trjx such as agar0 se. 

according to the present invention to pert. b to prttta ^ Bectmp ^ g a „ 

function in this invention. When a samp e s,ze "^^^J^, be image d separately. 

25 at once, molecules may be separated ^^^^^^ ™* °P* onallv US6 3 Cha "* 8r T! 
Electrophoresis of molecules for viewing and "^^iSlfo U S Patent No. 4,695,548, or for pulsed 
is suitable for use in pulsed field P-*"** useful in the eVent * 

oriented electrophoresis, which is described below, of the ability to control field angles, 

is desirable to measure reorientation ^°^T^mct polydisperse polymer molecules in a 

30 Pulsed Oriented Electrophoreses (POE) with the effective field angle being 

sample by using short electric pulses to org intensitV and T« 

defined by the vector sum of a senes of POE is also useful for creating effective field 

times and pulse intensities are feSw adapted to the microscope. 

^instrument exemplified in ^.^^J^^X^^ 

No. 4.473.452. but differs in that the POE .nstrument ^ ^ ^ ^ by , multigang e d relay (not 
40 S to us? the diodes 34 w,en very fast (less 

-r d ^d p » 

about the size of a standard covers hp I has 4 „ interconnected as shown in Fig . SL 

order to generate the desired electnc ^^^^^ which are controlled by a computer 32 
« In particular, d-c power supply 28 suppl.es f^^^' 2 " 8 . Comput er 32 also controls d-c power 
to connect selected outputs to the d-c ^^^^^q^ to relays 30 are connected to 
supply 28 so that the potential of the power supply " n ^/ anea p 

tetrodes 42' through 52. which fits on a microscope stage. A 

As shown in Fig 1. the m,n,ature P ^^Z^ao6 the electrodes 42 make electrical contac 
so slide 54. which holds an agarose gel, .s piaced ■ to glyC erol-agarose at the agarose electnca. 

with the slide 54/gel/coverslip 40 sandw,c i ptac ng drops of 30 / g y ^ M js 

eectrica. condor 46 connects to diode bus ^ pulse co^l 48. 
55 As in the case of the instrument desc nbed "»WLP* *N*£ ^ hjgh ^ 

instrument generates electrical fields whjch ^^^^^ as described below and 

ssssrs: — h the 961 matrix ,n an overa " 
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The determination of effective field angle by a pulsing routine rather man oy p describ ed in 

level sensitive video camera, SIT or micro-channe plate 64 M ,» J"™^*^ \ Q P Tne use of 
containing video digitizing electronics, which in turn jSSdZ^W d^lopad by 

of view It is possible to view single DMA molecules stained with an appropriate chromopnore. 
diamidino-2-phenylindo.e dihydrochioride (DAP.), ^'^^iTS^f microscope resolution. 

The smallest size determination of th.s v ' sua,,zat1 ^^^ 
which, at this time, is approximately 0.1 ™™*"JW m ™^?™* ^fsome DNA molecules are up to 

troscopicaliy. This technique, when combined wth m croscopy. in wampte 6 . n also 

signal/noise as determined by photon counting. oreferred embodiments of this invention 

, ically relate relaxation time and molecular size. Nation rather than by other methods. 
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mm8 nart of the blob train dominates in reorienting with the applied field and pulls the rest o ™ raw* 
21 the gel. The time necessary for complete blob train alignment vanes direct y 

along its c eat ed pa* tnrougn tn g ^ ^ ^ ^ a lfl kb mo|ecu|e 

of TboTpropeller. Thus, a pulsing routine is applied which also provides back and forth motion of the 

different variables. Thus, the types of usable algorithms are numerous 
A preferred pulsing routine for this invention may be defined as follows: 
Ei(t) = E(t,fli)<fcosfli +?sin<?i)(At) 
35 E>(t) » E(t,0j) (Tcos(0i + ») + Tsin(e, + 7r))(At) 
P, = ki* Ei(t).k 2 * E 2 (t).kr t\® 

W tuo and are electric field vectors multiplied by time (voir sec/cm); 
E(t f fli) is the electric field intensity in volt/cm; 
40 T and T are unit vectors; 

Si is the field angle, in radians or degrees, with i = 1-n, where 



n 

45 1*1 



2 e l * 2lt or 360° / 



for a complete rotation; 
At is pulse length, in seconds; 
50 t is time in seconds; 

ki and k 2 are the number of successive identical pulses; and 
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or total rotations which provide measurements of sufficient accuracy. ^ c „ am „i a 7 

° tX*co!dite for measuring the rotation rate of molecules are se forth in Sample 7. 

According to a fourth preferred embodiment of this present invenfon. a useful way to «^^"* 
of pS such as polymer molecules is to visualize them and measure their curvjnear 
to m? sSg the length of a rope) directly using a light microscope it is shown J^^^^ 
Routes 4 and 5 that fluorescence microscopy can image single polymer molecules stained with an 
^i^U* credibly, even though the polymer 

anostrams sinqle molecules are easily visualized. If the molecule is stretched out and a computerizea 
X^SLl used to measure the length of the visualized molecule, the size dependence o ft e 
rrerrvaries as about M 1 . Measurements of length are partly useful .n s,z,ng and ordenng 
nNA fraaments such as restriction digests, as described in detail in Example 10. 

^aTJI^ •mtaJbnrt involves measuring the diameter of a re.axed ff^J^S* 
molecular diameter are made according to the same procedure of staining molecules, placng the 
ri medium etc as the curvilinear length measurements. However, it is not necessary to P"Ubtt» 
Zl^ZionneLemer*. Instead the molecules are measured when they are ja — * 
n^vfna a soherical or elongated elliptical shape. Because the volume of a sphere .s proportional to R3 where 
3 5^1 an elUd is proportioned to ab* where a 

b is the radius of the shorter axis, resolution for this technique vanes as about M -^^^^ 
this technique do not need to be deformable. This technique can be used for all sizes of DNA moleones 
and fs uSuffor sizLg large DNA molecules, which are now successfully be mounted on a m,crosco P e 

not diffuse out of the matrix because very large coils are generally unab e to drffuse. 

it has been found that DNA molecules up to at least magabase (1 megabase = 1 m.ll.on ^bases 
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limitation is space on the sample holder. m .^ nna irwolves m0U nting large gel embedded DNA 
In brief, restriction mapping using the microscope invokes mount ^ J « ^ molecules be 
mo.ecu.es on a microscope siide, stretching , them to and their sizes are 

c d rs WifJSs zzs ^* — r spectroscopy " A 

"en*^ using 
An eighth preferred embodtment of this invention rels ites jo ™PP J |ejc acid) and under 

hybridized probes. With this technique, a nucle,c acid, • ^(a 'h* X**™* Qf ^ 

certain circumstances, a recomb.nat.onal enzyme ^om^ed m a ma^x. The p ^ ^ 

practicai length and may be labeled «jh any suteble ^^"J^ a restrict iona. enzyme) it 

— * ° f dna probes - 

^cEM to a target moiecu, ^^^^7^ 
probe may be visuaHzed directly if it is «"^»^ ZS^l Second, a chromophore. or 
can be visualized using "**^ h «» u ^ be detected visually or spec 

other suitable labelling agent can be attached to^ ^P^^^mophores. may be used. 
fr osco P ica..y. For example Texas Red « .east two preferred ways to 
After the probe has been hybr.d.zed to the target molecule nere ^ ^ & ^ 

^^^^^^^^^^i measured. When a light 
preferred alternative, the curvUmear length of ™ fe |ocate and quanti fy linear regions 

fragments are sized and measured by the ""J^* b direct visua ii 2 ation of the molecule 

fragment is determined by one of the methods ^ c '^f^'?^ *° ts are size d. and the distance 
orby microscopy combined with i** 5 ^ The exact position 

, digestion, and these fragments can then be mapped I visually. charac terization of particles 

.„ summary, the medium-based s.z,ng process ^T^J^ are placed in a medium and 
using a microscope. Partic.es. mounted' on a microscope slide 

mounted on a slide using conventual techn.ques. Ur J moMKU^ ^ may . be 

using spermine condensation, which avoids* 

3 stained. The molecules may be perturbed ,n * e *^J^ which on the average is 

then shut off. allowing the molecu.es to relax to heir equ, bnurn c^form . ^ ^ ^ ^ 
spherical or eHipsoidal, or to assume a certain ^ on ^^^Xrton. reorientation and rotation 
counts the molecules and fo..ows he,r shape ^^ le S^orn^. and molecular weights 

■ •~s£E£zxsr. - 

construed as limiting the scope thereof. 
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Preparing DNA for Microscopy 
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Co St Louis MO) 89 ,x boric add and 2.5 mM dtodtan EOTA) followed b, ethanol preoipiWon: this 

be a problem. 
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Imaging DNA in a Gel 



performed at room temperature. Samples were pre-elect "*^?"« (Ctiro ntrol Corp.. San 

before any data was collected. Pulsed fields were created ^ ^Vjjj^ In IBM AT computer 
diego. CA) or an Adtron data generating board (Adtron Corp.. G bert ^^^^^^ 

with an IC1 image processing system (lnov,s.on ^ ^afeof one every five or six 
video images from the microscope. Images ^ 

seconds, and as many as 200 digitized .mages wh S was fast enough to avoid 

image benefitted from the integration of 8 frames obtained at 30 I Hz wh.c » wa * ' « ht 

and the resultant image was then subjected to a l near ™ n J° Frame video image recorder 
tographs of the processed images were obtained using a Polaroid Freeze Frame 9 

(Polaroid Corp., Cambridge, MA). 



EXAMPLE 3: 

45 



Perturbing Molecules in a Gel 



50 



55 



The monies tf . — ^ * ^^£3^ 

"3.5-80 seconds" means a 3 second P^. WU J^J*^ is chanqed (west-east) for another 80 
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In this Example, epifluorescence microscopy was coupled with the POE method to enable the general 
study of DNA conformational and positional changes during electrophoresis. While the POE method us ng 
the adapted microscopy chamber shown in Figure 2 was used in this experiment, ordinary electric .elds 
switched on and off could have been used. POE offers certain advantages when electnc f.elds are to be 
applied at different angles, as may be needed to rotate a molecule about its long axis. 

Figures 1 and 2 show diagrams of the adapted POE chamber. 



EXAMPLE 4 



Observing and Measuring Molecular Relaxation in a Gel 



The relaxation of the G bacteriophage DNA of Examples 1-3 was observed after POE was conducted 
for 600 seconds (3,5-80 second pulses, 3 volts/cm). 

The image processor is used to quantify and automate the imaging of the relaxat.on process, for 
example, through "feature analysis". Feature analysis works after successive images have been digitized 
and stored, as shown in Fig. 3(a). The image processor then identifies discrete objects in the images, 
numbers them, and characterizes them according to shape. For example, the computer determines the 
effective ellipsoid axes (long and short) for a collection of distorted coils and calculate these features as a 
function of time as the coil approaches a spherical conformation during the relaxation process, other types 
of computerized measurements also can be made to characterize the DNA. 

The images displayed in Fig. 5, obtained at 12 second intervals, show the relaxation of several 
molecules over a 96 second time span. In (a), several coils are shown 3 seconds after the applied field was 
turned off. The coils appear to relax through the same corrugated staircase path defined by the applied 
electrical pulses (see molecules marked by arrows) as determined by the limits of microscopic reso ut.cn In 
(c). a molecule is shown splitting into two. and by 0). all coils have relaxed to a round, unelongated 
conformation. The bar shown in (j) is 10 microns in length. 



EXAMPLE 5 



nAterminmg the Mojgcular Weight of One or More Molecules by Measuring Relaxation Kinetics 

Molecules of known molecular weight are prepared for imaging according to the procedures of 
Examples 1-3. and the relaxation time of the molecules is determined by the methods of Examples 1-4. 
Relaxation time data is collected by imaging and is used to calculate a mathematical relationship between 
molecular weight and relaxation time of DNA molecules of similar composition. The relaxa ion time of a 
sample of mofecules of unknown size is then measured, and the size of the molecules is calculated using 
the mathematical relationship determined on the basis of molecules of known size. 



EXAMPLE 6 



Determining the Molecular Weight of One or More Molecules by Measuring Reorientation Rate in a Gel 

Polymers of any size, but particularly those that are too small to image (less than approximately 0.1 
micron), are sized in a matrix such as agarose or polyacrylamide gel by measuring the reorientation rate as 
induced by an applied electrical field. Although a reorientation measurements could be done in free 
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. t nn * maw* is Dreferred because it prevents unnecessary polymer convection and movement. 
^217^eJTof a Sx may enhance the size sensitivity, partly because the or.entat.on 
h t .1 HiZnt POE is particularly useful for measuring reorientation time because of its expen- 
Sa^ of perhaps 15 to 20 megabase, Stiff polymers such asDNA 

< Scutes (s tad tess *an 150 base pairs) exist in solution as rods and the rotational diffuse coefficent 
fthtSon « b theS as you try to spin about its long axis) varies as *. Using microscopy . mofccu es 
S a^ iSe enough to be imaged are visualized, and their reorientation time .s dot *» 
rmaaes For any size of molecules, particularly those which are too small to visuahze, the reonentatoon t.me 
o? each rod iTt^eld of view is preferably measured by spectroscopic methods. Two such methods are 

io described in detail below, namely fluorescence dichroism and birefringence: 

° 7a chLophore that binds in a sferically predictable way (ethidium bromide .ntercalates .nto DNA 
m olecu es1raSd to a polymer molecule. Polarized radiation is used to excite the chromophor^ 
Me sur ng t e total fluorescence intensity temporally provides orientation information of each mo ecu^ Tte 
fSescence radiation of each molecule in the microscope field is measured us.ng a sens.fve m,cro- 

15 ^Tte onSonal dynamics of a mo.ec U .e is foLowed with birefringence 

gence techniques measure the change of refractive index, which is easily corrected w. ^ the one^ a on o 
macromolecules in solution or in a matrix. Birefringence measurements are taken wh.le the DNA molecules 
^rounde booing gel electrophoresis. When an e.ectrica. field is applied, the DNA molecules s retch out and 

20 ^3SCwd. hereby changing the refractive index. By measuring the 

Se. it is possible to understand details of DNA blob train motion as the molecule onents w.th the appl.ed 

^ore'ipedfically birefringence measurements are made by determining the phase difference of two 
orttS^^ Planes of laser radiation (red light) differing by a small frquency difference (supped 
25 bfthe ^o frequency laser). As the molecules align with the applied electrical f.e.d (in he POE chffitaO. 
Ich is generated by pulse controller 82. the refractive index changes with molecular ahgnmen t Lght from 
£ ^ is"ftectedo« P mirror 72 through microscope POE chamber 74. 

results in a phase difference in the transmitted radiation, which Is measured by the Pta****** £g. 
ihV Z romnarina the value to a standard, sourced at laser 70. The phase d.flerence data obtained as a 
30 ^!?£^!£1** application) is digitized and stored on computer 80 for later retneva. and 

ana The instrument depicted in Figs. 1 and 2 applies the necessary fields to 

Many different rotational schemes can be described to optimally s.ze motels *e field" /or example, 
the rotating field frequency can be swept to find resonant frequences w.th the polymer sample. 



35 



EXAMPLE 7 



40 



Determining the Mole^^ 

— ■ — Molecules in a Gel 

Molecules in the shape of rods or stiff colls are prepared and observed as in Examples .-4, except that 

aigna. (radians/sec.) varies as the rod length cubed in free so.ut.on (Boersma, 5. (1960) 
J Chem Phvs. 32: 1626-1631, 1632-1635). 

ThrcondHions for a proposed series of experimental runs, with constant t. are shown below. 
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M 


E 


At 


0\ 


Molecular Size 
(base prs or kilo 
bases) 


Electric Field 
Strength (volt/cm) 


Duration of each 
Pulse (Sec) 


incremental angle (in 
clockwise diretion \ueg.) 


50 bp 




1x10"* 


10 


150 bp 


5 


1x10-* 


10 


50 kb 


5 


1 


10 


500 kb 


5 


5 


10 


500 kb 


5 


900 


10 



75 



20 



25 



the basis of molecules of known size. 



EXAMPLE 8 



Determining the Mo.ecu.ar Weight of One or More Mp^ t*<^ 
— — ■ * in a Gel 



35 



40 



mmmmm 

!£1 £."3 — - — -■ < md 5 SB °" " motecu,9S 

for which curvilinear length measurements can be made. 



EXAMPLE 9 



45 



pet^^MoJ^ 



be made. 
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EXAMPLE 10 



s Preparing Large DNA Molecules for Imaging 

Chromosomal DNA molecules from Saccharomyces cerevislae were prepared and isolated using the 
insert method and pulsed electrophoresis. Low gelling temperature agarose gel FMC Corp. I Rock and 

» Mame) was used for preparation to permit relatively low temperature melting. Since UV rad.at.on can break 
mTlZ de ired'bands were cut out of the gel. guided by ethidium stained flanking edge secto 
that were cut out of the gel, which were then photographed on a 301 nm *«^ h 7^ a WJ?^ 
bands were then weighed and equilibrated with a 10-fold excess of 10mM spermine in water for 3 hours i y 
r^mZletZe limine requires a very low ionic strength environment to condense DNA and, 

„ ^ZTm^Z* in Ltrophoresis are low ™r*££^ZZ££ 
equilibration step. The equilibrated samples were then melted in an oven at 74 C for two hours and atter 

be decondensed by the addition of salt, through the edges of the coverslip sandw.ch. 

As mentioned above, spermine is particularly useful in an r wl ^^^?2l2^ 
other hand if DNA molecules are placed in a highly ionic environment, the same type of 
effe* accomplished with alcohol. Neither of these examples are to be construed as limiting the scope of 
25 the invention. 



EXAMPLE 11 
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Restriction Mapping Schizo ^ccharomvces pombe Chromosomal DNA Molecules 
The DNA of Schizosaccharomyces pombe, a fungus with a genome 

10-20 units of an appropriate restriction enzyme. This mixture » bnefly held at 37 C and caretuHy 

««ch STENTS. ^ «- k"- <««* <* ""-w ^ ™*™ 

"T, ?^7£l«*. <tf* *. m determine,, °V •*»*« «• °~* *- ?- TV? 

mmmwm. 

ihe other methods are well suited for fragments too small to image. 

th! riultino samole when viewed using a fluorescence microscope shows a number of bright balls of 
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present. 



EXAMPLE 12 



In situ Hybridization of Nucleic Acid Probes to Single DNA Molecules 



Nucleic acids are prepared for microscopy as described in Examples 1-4 above. The agarose medium 
containing the nucleic acid particles also contains labelled probes and a recombinat.onal enzyme, recA. 
whth mediates strand displacement of the target molecuie by the probe. Strand displacement and pairing 
occurs by D-looping (see Radding. C Ann.Rev.Genet. 16:405-37 (1982)). ATP and magnesium ions are 
Sded to begin the reactions. These i^edirntTire diffused into the slide/gel/covers hp sandwich as 
Ascribed in Example 11. The reaction is incubated at 37* C. Many different target molecules are 
simultaneously analyzed, using probes with different labels. 

Vacations of the method of this invention other than those specifically described above are withm the 
scope of the invention. For exampie, other parameters of the molecules can be measured, and 
otoscopes and spectroscopic equipment may be used. The pulsing routines for 
rota«on can be varied Combinations of the above-described techniques are also contemplated. For 
example Combinations of various types of external forces, mediums and spectroscopic techn-ques are 
«e scope of the invention. Furthermore, a measuring technique may be repeated severe, ton*, and 
the measurements from each trial may be averaged. „ nr 

The methods of any one of examples 4 to 9 may be combined with the method of example 11 or 
example 1 2 to determine an unknown karyotype of a prokaryotic or eukaryotic organism. 

As illustrated in the above examples there is provided a method for observing large ^molecules ^o other 
large particles, (including molecules too large to size using any other methodology), determ.n.ng their s.ze, 
and determining the molecular weight distribution of a sample containing large molecules. 

There is also disclosed a faster and more efficient method for determming the s.ze of md^dual 
particles and the weight distribution of a sample of particles involving sizing one or more part. cles s.ng an 
extremely sensitive method, e.g. one which can use an amount of sample as smal as a single V*** 

There is also exemplified a method which provides accurate size information for a P?*^ 
containing particles having a wide range of sizes, and provides this information more quickly than by using 

■^^K^ an accurate method of determining the size of individual partes and the 
weight distribution of a poiydisperse sample of particles. Another important advantage of the .lustra ed 
Temods of the techniques of the prior art is that the measurable parameters for each the part.c e m a 
po'ydisperse sample, not just the largest particle, are determined. Addition* f**^™^** 
L molecule is needed, and the sample may be very small, e.g. may cons,sts of only 
molecules (2) measurements may be based on one representative particle for each s.ze .n the sample, (3) 
Srtechnioue can be used for very large partidis (particles too large to be measured by prior known 
methods) Wdi can be processed efficiently by computer, (5) measurements can be made more rapid y 
frar! i methods known in the prior art (e.g. particularly as compared to slow electrophoresis processes, which 
may take several weeks), and (6) measurements are extremely accurate. 



Claims 

1 A method for characterising a particle comprising the steps of placing said particle in a ^medium 
aoolv nq a temporary external force to said particle or varying or. removing an external force applied to said 
pSe thS causing a physical change in said partide. and measuring said change or measunng a 
changed characteristic of the particle using a microscope. 

2 A method as claimed in Claim 1. wherein said change comprises a conformational change or a 

change m^position^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ by visua|isjng sajd 

Parti 4 C,e rmS ^XT^a c,im. wherein said change comprises a conformational 
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change, and the rate of change after termination of said force is measured. 

5. A method as claimed in any one of Claims 1 to 3, wherein said change comprises a conformational 
change, and the rate of change after initiation of said force is measured. 

6. A method as claimed in any one of Claims 1 to 3, wherein said change comprises a positional 
change, and the rate of change after initiation of said force is measured. 

7. A method as claimed in Claim 6, wherein said positional change comprises a rotational change and 
optionally comprises lateral movement 

8. A method as claimed in Claim 7, wherein the conformation of said particle remains substantially 

uniform during said rotation. 

9. A method as claimed in Claim 8. wherein said medium comprises a matrix and said rotational change 

is effected by a series of sequential pulses. 

10. A method as claimed in Claim 9, wherein said sequential pulses are defined by an algorithm. 

11. A method as claimed in Claim 10, wherein said sequential pulses comprise electrical pulses, and 
said algorithm comprises the following: 

"Ei(t) = E(t,0i)(Tcosei +?sin0 f )(At) 

E 2 (t) = E(t.0,){Tcos(fli + ir) + Tsin(0i + "))(At) 
P = kt* Ei(t).k 2 ' 1 2 <t), ki* 1i(t) 
wherein: 

Ti,(t) and T?2(t) are electric field vectors multiplied by time (volt •sec/cm); 
E(Mi) is the electric field intensity in volt/cm; 
T and T are unit vectors; 

6| is the field angle, in radians or degrees, with i . = 1-n, where 



n 
Z 



Z 8j = 2ir or 360°, 



for a complete rotation; 

At is pulse length, in seconds; 

t is time in seconds; 

ki and k 2 are the number of successive identical pulses; and 
P is a pulsing routine, which may be repeated. 

12 A method as claimed in any one of Claims 1 to 3, wherein said change comprises a conformation^ 
change, and the length of said particle is measured by visualising said particle during or after application of 
said external force. 

13. A method as claimed in any preceding claim, further comprising the step of measuring a radius or 
diameter of said particle, wherein said particle is susbtantially spherical or ellipsoidal. 

14 A method as claimed in any preceding claim, further comprising the steps of measuring a change in 
each of at least two particles of predetermined size and composition, and calculating a mathematical 
relationship between the size and/or rate or said change and the size of each of said particles or 
predetermined size and composition. 

15 A method as claimed in Claim 14, carried out for determining the size of a particle of unknown size 
16. A method as claimed in any preceding claim, further comprising the step of collapsing said part.cle 

before placement in said medium. 

17 A method as claimed in Claim 16, wherein said particle is shear sensitive. 

18. A method as claimed in Claim 16 or Claim 17, further comprising the step of uncollapsing said 

particle after placement in said medium. 

19. A method as claimed in Claim 18. wherein said particle is collapsed using a condensation agent, 

and is uncollapsed using an ionic substance. 

20. A method as claimed In Claim 19. wherein said condensation agent comprises spermine, sper- 
midine, alcohol or hexamine cobalt. . 

21 A method as claimed in any preceding claim, wherein said particle comprises a nucleic acid. 

22 A method as claimed in Claim 21, further comprising the steps of placing in said medium a 
recombinational enzyme and a labelled probe to a portion of said nucleic acid, initiating hybridisation, and 
mapping a portion of said nucleic acid using a microscope. 

23. A method as claimed in any preceding claim, wherein said particle comprises or is a part ot a 
restriction digest. 
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24. A method as claimed in Claim 23. wherein the size and map location of said restriction digest is 

fmethod as claimed in any preceding claim, wherein said medium comprises at least one of a 

, S °T^ltS\n any one of Claims 1 to 6. wherein said external force comprises at least 
one of a solvent flow field, electric field and magnetic field. „ mnfi ^ an e i ec - 

27. A method as claimed in any preceding claim, wherein sa.d external force comprises an e lec 
trophoretic field having a series of pulses which vary in at least one of length Intensity 

28. A method as claimed in Claim 27. wherein said electrophoretic field composes a pulsed oriented 

70 ^TaT^ claimed in any preceding claim, wherein said particle is labelled with a labeHing agent 

before said change is measured. . 

30. A method as claimed in Claim 29. wherein said labelling agent comprises a stain. 

31. A method as claimed in any preceding claim, wherein said microscope » a light microscope or a 

75 SCa 3T?:SrZ P ed in any preceding Cm. wherein said measurement is a spectroscopic 
measurement of a change in at least one of fluorescence intensity, refractive index, absorb of polarised 

ra *YSj ? Cairn, carried out for determining the molecular weight 
» distributfon of a polydisperse polymer sample, wherein said change in each polymer molecule is measured 
simultaneously. ^ ^ 1 ^ ^ ^ ^ co a , 

35. A method as claimed in Claim 1, carried out for determining the karyotype of a prokaryotic or 

» ^TA'mSTor characterising a polymer molecule comprising the steps of placing ^ molecule in a 
matrix and applying a temporary external force to said molecule, thereby causing a change ,n sa,d 
molecule and visualising said molecule using a microscope. 

3™ A method as claimed in Claim 36. further comprising the step of collapsing sa.d molecule before 

placement in said matrix. ^ 
30 38 A method as claimed In Claim 37, wherein said molecule is shear sensitive. 

II. A method as claimed in Claim 38. further comprising the step of uncollapsmg said molecule after 

Pl TTmeth?d afcLed in Claim 39. wherein sad molecule is collapsed using a condensation agent. 

35 "'it 'TttE^Stt' a — y spheric, or ellipsoidal parole compjjj the 
stept of pladng said partJcle in a matrix and measuring at least one radius or diameter of sa,d particle us.ng 
a microscopy ^ ^ ^ comprjsing ^ f , lng In , 

medl saTd nuc,^ aciS'and a probe to a portion of said nudeic add. inducing hybnd.sat.on. and 

An rharacterisina said hyridised nucleic acid using a microscope. 

Trmethod as claimed in Cairn 42. further comprising the step of placing n sa.d medium a 

recombinattonal enzyme. m 

44. A method as claimed in Claim 43, wherein said probe is labelled. 

45 
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